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How to respond to climate change? 
©There is a fundamental paradigm shift that needs to happen if we are to build sustainable energy systems at 
the scale that we need to. Here is the scenario: 
 ƒ The world gets off of fossil fuels and starts producing entirely new and clean energy sources. 
 ƒ The world needs to build a system that maximizes the economi  opportunities for working people. 
This means that unless massive and rapid improvements in the technology to harness the immense productivity 
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We must recognize this risk to the future of human civilization, and act now to respond.« 
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  J á y Z Q L H 






 N R P H W \    :   R S X E O L N R Z D Q H M   Z         U R N X   S U D F \   Q D X N R Z H M   Q D   á D P D F K   Z L R G F H J R 
 F ] D V R S L V P D  Ä 0 R Q W K O \  1 R W L F H V  R I  W K H  5 R \ D O  $ V W U R Q R P L F D O  6 R F L H W \ ´  ] H V S y á  Q D X N R Z F y Z 
ROSINA pod kierownictwem Prof. Kathrin Altwegg (Uniwersytet w Bern, Szwajcaria) 
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   = L H P L    W R   Z á D Q L H   N R P H W \ 
dostarczy  á \  G X* H  L O R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 . L O N D   P L H V L
 F \  S y( Q L H M, inna  P L
 G ] \ Q D U R G R Z D   J U X S D   Q D X N R Z F y Z   R J á R V L á D   R G N U \ F L H 
 I R V I R U R Z R G R U X   Z   F K P X U D F K   ] O R N D O L ] R Z D Q \ F K       N P   Q D G   S R Z L H U ] F K Q L   : H Q X V 
 
(Greaves i inni, 2020) . Fosfo  U R Z R G yr (PH3   ] Z D Q \  U y Z Q L H*  I R V I L Q   S R Z V W D M H  S R G F ] D V 
 U H G X N F M L  I R V I R U D Q y Z  S U ] H ]  U y* Q H  J D W X Q N L  E D N W H U L L  Z  Z D U X Q N D F K  E H ] W O H Q R Z \ F K  Jak do 
 W H M  S R U \  Q L H  ] L G H Q W \ I L N R Z D Q R  S U R F H V y Z  Q L H E L R J H Q Q \ F K    N W y U H  P R J á \ E \   S U R Z D G ] L ü  G R 
powstania fosforowodoru na planetach ska listych  takich jak Ziemia, czy wspomniana 
Wenus .  =  W H J R  Z ] J O
 G X, w   D V W U R E L R O R J L L  I R V I R U R Z R G y U jest  traktowany  M D N R  Z V N D( Q L N 
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 X P R* O L Z L á \  
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z ang. European Sustainable Phosphorus 
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    ( 6 3 3   W R   R U J D Q L ] D F M D   S R ] D U ] G R Z D   ] P D J D M F D   V L
   ]   S U R E O H P H P 
 P D O H M F \ F K   ] D V R E y Z I R V I R U X   R U D ]   Z G U D* D M F D   L G H
   M H J R   ] U y Z Q R Z D* R Q H J R 
 Z \ N R U ] \ V W D Q L D   Z   ( X U R S L H    2 U J D Q L ] D F M D   ] U ] H V ] D   G X* H   N R Q F H U Q \    R U J D Q L ] D F M H 
 S R ] D U ] G R Z H  R U D ]  L Q V W \ W X F M H  Q D X N R Z H  Z \ P L H Q L D M F H  V L
  S R J O G D P L  R U D ]  S R P \ V á D P L  
 N W y U H   P R J   Z S á \ Q ü   Q D   G ] L D á D Q L D   Z   S U ] \ V ] á R F L   ( U y G á R   L Qternetowe 4).  O tym jak 
 Z D* Q   U R O
   R G J U \ Z D   I R V I R U   Z   H X U R S H M V N L H M   J R V S R G D U F H   Z L D G F ] \   I D N W   * H  V N D á D 
 
fosforytu  znajduj e  V L
 na  O L F L H  P D W H U L D á y Z  N U \ W \ F ] Q \ F K R S X E O L N R Z D Q H M  S U ] H ]  . R P L V M
 
 8 Q L L  ( X U R S H M V N L H M  Z H  Z U ] H Q L X       U R N X (Blengini i inni, 2020 ).  
 Z pers  S H N W \ Z \  U R O L Q   I R V I R U  M H V W  Q D M P Q L H M  P R E L O Q \ P  L  Q D M W U X G Q L H M  G R V W
 S Q \ P 
 S L H U Z L D V W N L H P  ]  S R Z R G X  R J U R P Q H M  U H D N W \ Z Q R F L  ]  S R ] R V W D á \ P L  V N á D G Q L N D P L  P D F L H U ] \ 
 J O H E R Z H M    2 N R á R     procent   Z V ] \ V W N L F K   X* \ W N y Z   U R O Q \ F K   Q D   Z L H F L H   ] D Z L H U D 
 Q L H Z \ V W D U F ] D M F   L O R ü   I R V I R U X   S U ] \ V Z D M D O Q H J R   G O D   U R O L Q   X S U D Z Q \ F K    % D W M H V         
Kirkby i Johnston, 2008). Ponad 90  procent   Z \ G R E \ Z D Q H M   U R F ] Q L H   V N D á \   I R V I R U \ W X 
 S U ] H ] Q D F ] D  V L
  G R  Q D Z R* H Q L D  J O H E   % U X Q Q H U      ) , z czego zaledwie 15 procent  jest 
 S R E L H U D Q \ F K    Z   I R U P L H   M R Q y Z   N Z D V X   R U W R I R V I R U R Z H J R    +2PO4-  oraz HPO 42-)  przez 
 V \ V W H P   N R U ] H Q L R Z \   U R O L Q    3 R ] R V W D á D   F ]
 ü   U H D J X M H   ]   P D W H U L   R U J D Q L F ] Q   R U D ] 
 ] Z L ] N D P L  F K H P L F ] Q \ P L   P L
 G ] \  L Q Q \ P L  ]  W O H Q N D P L * H O D ] D   Z D S Q L D  F ] \  J O L Q X   W Z R U ] F 
stabilne oraz trudno rozpuszczalne osady (Lynch, 2011). W suchej tkance   U R O L Q Q H M 
 ] Q D M G X M H  V L
  S R Q D G      S U R F H Q W D  I R V I R U X   N W y U \  M H V W  D V \ P L O R Z D Q \  Z  S R V W D F L  I R V I R U D Q X 
nieorganicznego (P i     Z \ V W
 S X M F H J R   Z   V W D Q G D U G R Z H M   J O H E L H   X S U D Z Q H M   Z   V W
* H Q Lu 
 R N R á R       — 0    ' O D   S R U y Z Q D Q L D   Z   D N W \ Z Q \ F K   P H W D E R O L F ] Q L H   N R P y U N D F K   U R O L Q Q \ F K 
 ] Q D M G X M H   V L
   I R V I R U D Q   Q L H R U J D Q L F ] Q \   Z   V W
* H Q L X            — 0    Q D W R P L D V W   Z   W U D N F L H 
 W U D Q V S R U W X  ] D  S R U H G Q L F W Z H P  N V \ O H P X  R N R á R      — 0   0 H Q J H O  L  . L U N E \         ) D Q J  L 
inni, 2009).  
  -
 F ] P LH   Hordeum vulgare  L.,  U R O L Q D  M H G Q R O L F L H Q Qa, 2n = 14, genom o 
 Z L H O N R F L   a      * S ]    G L S O R L G    M H V W   M H G Q \ P   ]   S L H U Z V ] \ F K   J D W X Q N y Z   W U D Z   ] E R* R Z \ F K 




 / H L J K   L   - R K Q V W R Q   Z \ N D ] D O L   * H   Z \ G D M Q R ü   S O R Q X   M
 F ] P L H Q L D   X S U D Z L D Q H J R   Q D   J O H E L H 
 ] D Z L H U D M F H M 0,    N J  S U ] \ V Z D M D O Q H J R  G O D  U R O L Q  I R V I R U X  Q D  K H N W D U  ] L H P L  E \ á D  S R Q D G  -
 N U R W Q L H   Z L




   Z á y N Q L V W \ P   V \ V W H P H P   N R U ] H Q L R Z \ P    8   W H M   J U X S \   U R O L Q  N R U ] H   J á y Z Q \  V ] \ E N R 
 ] D Q L N D    D   I X Q N F M H   ] D R S D W U X M F H   U R O L Q
   Z   V N á D G Q L N L   R G* \ Z F ] H   S H á Q L   N R U ] H Q L H 




 R U D ]   N R O R L G \   ] D Z D U W H   Z   I D ] L H   V W D á H M   J O H E \    6 P L W K   L   L Q Q L            2 U J D Q L F ] Q D   I U D N F M D 
fosforu (P o    Z   J O H E L H   P R* H   ] R V W D ü   ] P L Q H U D O L ] R Z D Q D   G R   S R V W D F L   S U ] \ V Z D M D O Q H J R   3i, 









 á X J R Z D Q L D   L   Z ] U R V W X   N Z D V R Z R F L   J O H E \    N W y U H   S R Z R G X M   Z L H W U ] H Q L H   P L Q H U D á y Z 
pierwotnych (Smeck, 1985; Rita i inni, 2013).  - R Q \   I R V I R U D Q R Z H   S U ] H Q R V ]   V L
   Z 
 P L H M V F H   ] D V L
 J X   V \ V W H P X   N R U ] H Q L R Z H J R   U R O L Q   Q D   G U R G ] H   Z R O Q H J R   S U R F H V X   G \ I X ] M L  
 2 E V ] D U   ] D V L









 F L D F K   R U J D Q X    3 H W H U V R Q   L   & K R O H Z D            3 U ] H P L H V ] F ] D Q L H   V L
   U R ] W Z R U X 
 J O H E R Z H J R   ] R V W D M H   ] D W U ] \ P D Q H   S U ] H ]   Q L H S U ] H S X V ] F ] D O Q H   S D V H P N D   & D V S D U \ ¶ H J R 
 R W D F ] D M F H   N R P yU L   N R U R Z H   R U D ]   H Q G R G H U P D O Q H   N R U ] H Q L D    7 H   ] J U X E L H Q L D   F L D Q 
 N R P y U N R Z \ F K   ] E X G R Z D Q H   V   ]   V L O Q L H   K \ G U R I R E R Z \ F K   ] Z L ] N y Z   F K H P L F ] Q \ F K   R U D ] 
 O L J Q L Q \    3 H U X P D O O D   L   3 H W H U V R Q            : \ F K Z \ W \ Z D Q L H   M R Q y Z   I R V I R U D Q R Z \ F K   ]   G U R J L 
 D S R S O D V W \ F ] Q H M   Q D   G U R J
   V \ P S O D V W \ F ] Q    Q D V W
 S X M H   G ] L
 N L   E L D á N R P   E á R Q R Z \ P 
 S H á Q L F \ F K   I X Q N F M
   W U D Q V S R U W H U y Z   I R V I R U D Q R Z \ F K    6 P L W K   L   L Q Q L            7 H 
 Z \ V S H F M D O L ] R Z D Q H  E L D á N D  X P R* O L Z L D M  D N W \ Z Q \  W U D Q V S R U W  M R Q y Z  3 L  ]  D S R S O D V W X   J G ] L H 
 V W
* H Q L H   3 L   M H V W   N L O N X N U R W Q L H   P Q L H M V ] H   D Q L* H O L   Z   F \ W R S O D ] P L H   N R P y U H N   H Q Godermy. 
 6 L O Q H   J U D G L H Q W \   H O H N W U R F K H P L F ] Q H   V   S R N R Q \ Z D Q H   S U ] H ]   U R G ] L Q
   E L D á H N   Z \ V R N L H J R 
powinowactwa P i / H + PHOSPHATE TRANSPORTERS (PHT). Poznane do tej pory 
 U R O L Q Q H  W U D Q V S R U W H U \  I R V I R U D Q y Z   R E H M P X M  V H N Z H Q F M H  K R P R O R J L F ] Q H  G R  S L H U Z V ] H J R 
opisanego transport  H U D   3 + 2     ] L G H Q W \ I L N R Z D Q H J R   Z   N R P y U N D F K   G U R* G* R Z \ F K 
(Saccharomyces cerevisiae  Meyen ex Hansen) (Bun -  < D  L  L Q Q L          :  ] D O H* Q R F L  R G 
 O R N D O L ] D F M L   Z   N R P y U F H    E L D á N D   3 + 7   ] R V W D á \   S R G ] L H O R Q H   Q D      U R G ] L Q    3 + 7     E á R Q D 
 N R P y U N R Z D    3 + 7    F K O R U R S O D V W \    3 + 7    P L W R Fhondria), PHT4 (aparat Golgiego) oraz 
 3 + 2    E á R Q D   N R P y U N R Z D   R G S R Z L H G ] L D O Q D   ] D   á D G R Z D Q L H   3 L   G R   N V \ O H P X     * X R   L   L Q Q L  
         :   M
 F ] P L H Q L X   R S L V D Q R   G R   W H M   S R U \       F ] á R Q N y Z   U R G ] L Q \   E L D á N R Z H M   3 + 7  
(HvPHT1.1 -  + Y 3 + 7         N W y U H   V   ] D D Q J D* R Z D Q H   Z   S R E L H U D Q L H   3i z gleb y oraz jego 
 W U D Q V O R N D F M
   G R   F ]








   Z   G \ V W U \ E X F M L   3 L   Z   R E U
 E L H   U R O L Q \    1 X V V D X P H   L   L Q Q L            - H G Q   ] 
 S R G V W D Z R Z \ F K   V W U D W H J L L   U R O L Q   S U ] \ V W R V R Z D Q \ F K   G R   E \ W R Z D Q L D   Z zmiennych 
warunkach  V W
* H Q L D   3 L w glebie jest regulacja  Z \ N R U ] \ V W X M F D   S U R F H V   G H J U D G D F M L 
 E L D á H N  G H W H U P L Q X M F \ liczb 
   W U D Q V S R U W H U y Z   I R V I R U D Qowych  Z \ V \ F D M F \ F K   E á R Q \ 
 N R P y U N R Z H  W tym procesie uczestniczy  m.in.  E L D á N R kod owane przez  gen  
PHOSPHATE 2 (PHO2).  
 PHO2 jest enzymem typu E2 ( UBC24 )   V S U ]
 J D M F \ P  X E L N Z L W \ Q
   N W y U \  U D ] H P 
 ]   R G S R Z L H G Q L   O L J D ] typu E3 katalizuje kowalen  F \ M Q H   Z L ] D Q L H   X E L N Z L W \ Q \   S U ] H ] 
 E L D á N D  G R F H O R Z H   7 D N L H  E L D á N D  V  Q D V W
 S Q L H  N L H U R Z D Q H  Q D  V ] O D N  G H J U D G D F M L   2 E Q L* H Q L H 
poziomu ekspresji genu PHO2 zabezpiecza transportery fosforanowe przed 
 
 G H J U D G D F M   W D N L H  M D N  PHOSPHATE 1 (PHO1) oraz transportery z rodziny PHT1 (Aung 
i inni, 2006 ;  Park  i inni, 2014      :   U \* X   3 + 2    S R U H G Q L F ] \   Z   G H J U D G D F M L   E L D á N D 
PHOSPHATE TRANSPORTER TRAFFIC FACILATOR 1 (PHF1    E L R U F Hgo  X G ] L D á   Z 
 R G W U D Q V S R U W R Z D Q L X   Q L H X I R V I R U \ O R Z D Q \ F K   E L D á H N   3 + 7    ]   U H W L N X O X P 
e Q G R S O D ] P D W \ F ] Q H J R   ( 5   G R  E á R Q \  N R P y U N R Z H M   * R Q ] i O H ]  L  L Q Q L         R U D ]  E L D á N D 
PROTEIN PHOSPHATASE 95  (PP95     N W y U \   G H I R V I R U \ O X M H   W U D Q V S R U W H U \   I R V I R U D Q y Z   Z 
 R E U
 E L H  ( 5   < D Q J  L  L Q Q L          0 X W D Q W Arabidopsis thaliana   /   ]  Z \ á F ] R Q \ P  J H Q H P 
PHO2  D N X P X O X M H  G X* H  L O R F L  3 L  Z  F ]
 F L  Q D G ] L H P Q H M   N W y U H  Z  Q D G P L D U ] H  V  W R N V \ F ] Q H 
 G O D   U R O L Q \    ' ] L H M H   V L
   W D N   ]   S R Z R G X   Z \ V \ F H Q L D   E á R Q   N R P y U N R Z \ F K   W U D Q V S R U W H U D P L 
 I R V I R U D Q R Z \ P L  R U D ]  Q D G P L H U Q  W U D Q V O R N D F M  3 L  ]  N R U ] H Q L  G R  S
 G X   ' H O K D L ] H  L  5 D Q G D O O  
1995). Z kolei eksperymenty polowe na liniach pszenicy ( Triticum aestivum  L.) z 
 Z \ á F ] R Q \ P   J H Q H P P O2  Z \ N D ] D á \   L F K   Z \* V ]   ] G R O Q R ü   G R   S U ] \ V Z D M D Q L D   3 L   R U D ] 
 ] Z L
 N V ] R Q H   S O R Q R Z D Q L H   Q D   J O H E D F K   X E R J L F K   Z   I R V I R U D Q \   D Q L* H O L   Z   W \ S L H   G ] L N L P 
  2 X \ D Q J   L   L Q Q L            7 R   M D N   Z D* Q D   M H V W rola enzymu UBC24 wskazuje 
 ] D N R Q V H U Z R Z D Q \   X   U R O L Q   Z \* V ] \ F K   P H F K D Q L ] P   V S U ]
* H Q L D   ] Z U R W Q H J R   D Q J D* X M F \ 
 F ] V W H F ] N
   P Lk U R 5 1 $      R U D ]   G á X J L H   Q L H N R G X M F H   5 1 $ I NDUCED BY PHOSPHATE 
STARVATION 1 ( IPS1 ) (Franco -  = R U U L O O D  L  L Q Q L          & ] V W H F ] N L  P L 5     V  Z \ F L Q D Q H 





 E L H  U H J L R Q X   ¶-  8 7 5  W U D Q V N U \ S W y Z PHO2 (Pacak 
 L  L Q Q L          & ] V Weczki IPS1   Z L*  P L 5     D O H  ] H  Z ] J O
 G X  Q D  R E H F Q R ü  Q L H V S D U R Z D 
 S R P L
 G ] \   Q X N O H R W \ G D P L   Z IPS1   D   P L 5       W D   S L H U Z V ] D   F ] V W H F ] N D   5 1 $   Q L H   X O H J D 
 U R ] F L




  : L H G ] D   Q D   W H P D W   P R O H N X O D U Q \ F K   R U D ]   I L ] M R O R J L F ] Q \ F K   P H F K D Q L ] P y Z 
 R G S R Z L D G D M F \ F K   ] D   P R* O L Z R F L   G R V W R V R Z D Q L D   V L
   U R O L Q    Z   V ] F ] H J y O Q R F L   ] E y*   G R 
 Q L H N R U ] \ V W Q \ F K   L   F ]
 V W R   ] P L H Q L D M F \ F K   V L
   Z D U X Q N y Z   U R G R Z L V N R Z \ F K   Z F L*   M Hst 
 X E R J D    ' R W \ F K F ] D V R Z H   R V L J Q L
 F L D   E D G D   S R G V W D Z R Z \ F K   Z   W \ P   R E V ] D U ] H   R N U H O D M 
 V H U L




   L   J H Q H U D W \ Z Q \ F K    ] P L D Q D   D U F K L W H N W X U \   V \ V W H P X 
korzeniowego, zmiana gospodarki hormonalnej czy regulacja liczby oraz 
 ] D J
 V ] F ] H Q L D   W U D Q V P H P E U D Q R Z \ F K   W U D Q V S R U W H U y Z   I R V I R U D Q R Z \ F K    :   V Z R M H M   S U D F \ 
doktorskiej zbada  á H P  P R O H N X O D U Q  P D V ] \ Q H U L
  U H J X O X M F  J R V S R G D U N
  I R V I R U D Q R Z  Z 






 :  ] Z L ] N X  ]  S R Z \* V ] \ P  J á y Z Q H  F H O H  P R M H M  S U D F \ doktorskiej to:  










regulatorowymi genu PHO2, 
 ƒ  S U ] H W H V W R Z D Q L H   K L S R W H ] \   * H   V H N Z H Q F M D    ¶-UTR genu P O2 funkcjonuje jako 
modulator  ekspresji ,  
 ƒ  ] E D G D Q L H   ] P L D Q   Z   S R ] L R P L H   P D á \ F K   5 1 $   Z   W \ P   P L N U R 5 1 $   S R G   Z S á \ Z H P 
 Q L H G R E R U X   I R V I R U D Q y Z   S U ] \   ] D V W R V R Z D Q L X    G U R S O H W   G L J L W D O   3 & 5 (ddPCR) , 
 K \ E U \ G \ ] D F M L  W \ S X  Q R U W K H U Q  R U D ]  J á
 E R N L H J R  V H N Z H Q F M R Q R Z D Q L D  
 ƒ  L G H Q W \ I L N D F M D   R U D ]   F K D U D N W H U \ V W \ N D   F ] V W H F ] H N   P D á \ F K   5 1 $     -25 nt) 




 ƒ identyfikacja docelowych mRNA rozcinanych przy udziale mikroRNA (analiza 
degradomu ),  
 ƒ  L G H Q W \ I L N D F M D   J H Q y Z   S R W H Q F M D O Q L H   ] Z L ] D Q \ F K   ]   X W U ] \ P D Q L H P   K R P H R V W D ] \ 
 I R V I R U D Q R Z H M  Z  M
 F ] P L H Q L X  
 ƒ obszerna analiza  ] P L D Q   Q D   S R ] L R P L H   5 1 $   Z   M
 F ] P L H Q L X   Z   F H O X   R F H Q \ 
 S R G V W D Z R Z \ F K   V W U D W H J L L   U R O L Q   X S U D Z Q \ F K   X P R* O L Z L D M F \ F K   S U ] H W U Z D Q L H   Z 
warunkach niedoboru fosforu.  
 C ]
  ü pierwsz a pracy doktorskiej   S R Z L
 F R Q D   M H V W   S U D F \   S U ] H J O G R Z H M  
 N W y U D wprowadza do tematyki homestazy  fosforanowej . W pracy opublikowanej na 
 á D P D F K   F ] D V R S L V P D MDPI Genes   V ] F ] H J y á R Z R   R S L V X M
  U R O L Q Q rodzin 
   E L D á H N   3 + 5  
 % L D á N D  3 + 5  I X Q N F M R Q X M  M D N R  F ] \ Q Q L N L  W U D Q V N U \ S F \ M Q H  S R V L D G D M F H  ] D N R Q V H U Z R Z D Q H  Z 
 R E U
 E L H   N U y O H V W Z D   U R O L Q   G R P H Q \   6 $ 1 7  0 \ E   R U D ]   0 < %-CC ( coiled -coil). Czynniki 














   O D W   2 S L V D á H P  D O W H U Q D W \ Z Q H  V ]l D N L  P H W D E R O L F ] Q H  R U D ]  F ] V W H F ] N L  P R O H N X O D U Q H   N W y U H 
 
 P R J   G H F \ G R Z D ü   R   D N W \ Z Q R F L   F ] \ Q Q L N y Z   W U D Q V N U \ S F \ M Q \ F K   3 + 5   Z   N R Q W H N F L H 




 S Q R ü   M R Q y Z   P H W D O L    V N á D G Q L N y Z   P L Q H U D O Q \ F K   F ] \   U R O
 
modyfikacji po -  W U D Q V O D F \ M Q \ F K    & ]
 ü   S U D F \   S R Z L
 F L á H P   U y Z Q L H*   F ] \ Q Q L N R P 
 P R J F \ F K  U H J X O R Z D ü  S R ] L R P  H N V S U H V M L  J H Q y Z PHR samych w sobie .  
 C ]
  ü drug a pracy doktorskiej   R G Q R V L  V L
  G R  P H W R G  D Q D O L ] \  H N V S U H V M L  J H Q y Z 
wykorzystywanych przeze mnie w trakcie  pracy eksperymentalnej. W rozdziale  
monografii  opublikowan ej  przez wydawnictwo Methods in Molecular Biology -  
Springer   R S L V D á H P  P H W R G \ N
  S U ] H S U R Z D G ] H Q L D analiz y  H N V S U H V M L  J H Q y Z  R U D ] poziomu 
 F ] V W H F ] H N  P L 5 1 $  ] D  S R P R F  L O R F L R Zych metod :  real - time PCR oraz ddPCR  (droplet 
digital PCR)     :   S U D F \    Z   N W y U H M   M H V W H P   G U X J L P   D X W R U H P    P L D á H P   ] D   ] D G D Q L H   R S L V D ü 
 F D á \  S U R W R N y á  R G  L ] R O D F M L  P D W H U L D áu genetycznego do  N R F R Z H J R eksperymentu analizy 




 F ] P L H Q L D    N W y U H   ] R V W D á \   R S X E O L N R Z D Q H   Z   S U D F D F K oryginalnych zawartych w 
 N R O H M Q \ F K  F ]
 F L D F K  S U D F \  G R N W R U V N L H M   2 S U D F R Z D Q \  S U ] H ] H  P Q L H  S U R W R N y á  G R  S U D F \  ] 
ddPCR jest wykorzystywany przez inne osoby. Ponadto w pracy metodycznej po raz 
 S L H U Z V ] \   R S X E O L N R Z D á H P   D E V R O X W Q   O L F ] E
   N R S L L   G R M U ] D á \ F K   F ] V W H F ] N L   P LR399c oraz 





 F L  W U ] H F L H M  S U D F \  G R N W R U V N L H M przedstawiam wyniki eksperymentalne 
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 SUMMARY / STRESZCZENIE  
 
 
In the 1960s, the Food and Agriculture Organization of the United Nations (FAO) 
developed a programme   ± described as the Green Revolution  ± to increase 
agricultural productivity through the use of more efficient crop varieties and the 
development of agrotechnology (Pingali, 2012). As a result of this programme, food 
production has doubled over the next 50  years. However, this was done at the cost 
of deforestation on lands designated for monoculture, excessive water consumption, 
chemically treated with artificial fertilisers or the need to cover the growing demand 
for electricity. Anthropogenic changes in t he natural environment, like a vicious 
circle, exacerbate the problems of farming, forcing the global powers to introduce 
 P R G H U Q   V R O X W L R Q V   D Q G   V X V W D L Q D E O H   S U R G X F W L R Q   P H W K R G V    + H I I H U   D Q G   3 U X G ¶   K R P P H  
2013; Mehta, 2018). In 2050, the projected human populati on will exceed 9 billion. 
Together with the increase in the quality of life expected by the majority of the 
global population and the increased demand for animal products, agriculture is 
facing a huge challenge to ensure food production at an appropriate l evel (Millstone 
and Lang, 2008).  
Impoverishment of agricultural soils, erosion, depletion of minerals, 
salinisation and, finally, environmental pollution in many parts of the world, 
resulted in a 12 per cent reduction in agricultural productivity (expresse d in kg/ha) 
between 1981 and 2003 (Millstone and Lang, 2008). A report published in 2018 by 
the I ntergovernmental Panel on Climate Change (IPCC) says that as a result of 
human activity, the Earth was heated by about 1 oC and that 2015 was the warmest 
year i n the last 11  000 years ( Tollefson, 2018 ). This is reflected, among other 
things, in changes in temperature amplitudes around the world, extreme weather 
events, rising ocean levels, deoxygenation and acidification of waters, or a decline 
in biodiversity (L aw et al., 2018; Tollefson, 2018; Xu et al., 2018). The 
environmental anomalies generated in this way are not without effect on plants. 
Plants, as representatives of sedentary organisms, can react in various ways to 
any adverse changes in the environment  ± often at the expense of reduced yield 
and quality of sensory characteristics. In Australia, the most popular crops are 
wheat, barley, mai ze, sunflower seeds, rape seed  and cotton. Based on data from 
meteorological records, between 1994 and 2019, there was a significant drop in 
rainfall in Australia. The worst drought that hit Australia occurred in the 21st 
century. Over the last two decades, due to the drought, the average annual income 
of Australian farms has decreased by 22 per cent (Internet source 1). R ising sea 
and ocean levels are flooding the low - lying fields in southern Asia with salt water. 
Excessive salinisation of the land is currently affecting more than one million 
hectares of arable land in Bangladesh, causing billions of dollars in annual loss es 
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to the country’s economy (Millstone and Lang, 2008; Islam and Harun-ur -Rashid, 
2011). Whereas in Europe, in 2020, a group of scientists specially established by 
the governments of Denmark and the Netherlands presented a report entitled The 
Northern Euro pean Enclosure Dam  (NEED). The NEED project proposes to solve 
the problem of rising water levels in northern Europe by building giant dams that 
could protect the 25 million people living on Europe’s coast from flooding. The 
North Sea dam would connect the UK and France on o ne side, while the second 
section would connect Scotland with Shetland and Norway. In total, three sections 
of the 637 km long dam would absorb 51 billion tonnes of sand, and this would be 
the largest investment in human history (Internet source 2).  
Phosph orus (P, from the Greek φωσφόρος,  phōsphóros, or ‘carrying light’) 
is a macroelement, an element whose origin and presence on Earth is still a 
mystery to geologists and astrophysicists. In the chemical composition of the 
nucleus, mantle or Earth’s crust, there is no point to look for phosphorus – even 
though it is the biogenic element that builds all living organisms. As a mineral 
element, phosphorus occurs in only a few places on Earth in the form of mine 
deposits. However, due to its functional reactivity  and structural stability, 
phosphorus is a unique element building large biomolecules (Strap and Lauretta, 
2005). Phosphorus builds adenosine t ri phosphate  (ATP) – a molecule that stores 
and transfers energy in living cells, is the component of nucleic acid s (DNA and 
RNA), is a component of cell membranes, and its presence in posttranslationally 
modified proteins  (phosphorylation) often determines its  biological activity 
(Bieleski, 1973). In space, phosphorus is synthesised in massive stars, where as a 
resul t of a supernova explosion it enters inter stellar m edium (ISM), consisting 
mainly of gas, plasma and dust (Koo et al., 2013). In the ISM regions, phosphorus 
oxide is trapped in frozen interstellar dust grains, which merge to form comets. In 
a 2020 scientif ic paper published in the leading journal entitled Monthly Notices of 
the Royal Astronomical Society , a team of ROSINA scientists headed by Prof. 
Kathrin Altwegg (University of Bern, Switzerland) proves that in the early stages 
of the Earth’s formation, it was comets that provided large quantities of life 
enabling phosphorus ( Rivilla et al., 2020 ). A few months later, another 
international group of scientists announced the discovery of hydrogen phosphide 
in clouds located 55 km above the surface of Venus (G reaves et al., 2020). 
Hydrogen phosphide  (PH3, also called phosphine) is formed during the reduction of 
phosphates by various species of bacteria under anaerobic conditions. So far, no 
non -biogenic processes have been identified that could lead to the form ation of 
phosphine  on rocky planets such as Earth or the aforementioned Venus. For this 
reason, in astrobiology, phosphine is treated as an indicator of biological processes 
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(O’Callaghan, 2020). Life on Earth started about 4 billion years ago, but we still do 
not fully understand the processes that made this possible.  
Africa remained under the rule of local tribes until the mid -19 th  century. In 
1884, at the invitation of Otto von Bismarck, delegations from all over the 
“civilised” world came to Berlin to share the map of Africa among themselves 
(Sabela, 2015). One colony went to Spain. They were given the right to explore 
the western part of Saharan Africa, an area between Morocco and Mauritania. No 
other country showed any willingness to explore the area du e to a lack of cities, 
infrastructure and, as was wrongly assumed, a lack of valuable natural resources. 
Due to the poor economic situation, the Spaniards did not go deep into their desert 
colony for several decades. It was only in 1950 that a Spanish scie ntist, Manuel 
Madina, came across – as he described in his expeditionary notes – the world’s 
largest phosphorite deposits (Sabela, 2015). To date, this deposit accounts for 
approximately 80  per cent  (50 000 million tonnes) of the world’s phosphate rock 
reservoir (Cooper et al., 2011). Small deposits are still being exploited in China, 
Algeria, Syria or the United States. Phosphorus is not renewable, and its global 
mining resources are being drastical ly depleted. In 2100, almost the entire 
phosphorus reservoir will remain under the control of one country, Morocco 
(Cooper et al., 2011). It is estimated that with only a small, i.e.  3-4% increase in 
demand for food, phosphorite – used in the production of  artificial fertilisers – will 
be scarce in about 100 years, and food prices will rise by that time (Scholz et al., 
2013). In the world, phosphorus is not treated sustainably. Most of it disappears 
from the food chain as organic waste. The issue of phospho rus has been growing 
in recent years, and more and more organisations are gathering together, one of 
them is the European Sustainable Phosphorus Platform (ESPP). The ESPP is a non -
governmental organisation dealing with the issue of decreasing phosphorus 
re sources and implementing the idea of its sustainable use in Europe. The 
organisation brings together large corporations, non -governmental organisations 
and scientific institutions exchanging views and ideas that may influence future 
activities (Internet so urce 4). The important role played by phosphorus in the 
European economy is demonstrated by the fact that the phosphate rock is on the 
list of critical raw materials published by the European Commission in September 
2020 (Blengini et al., 2020).  
For plants, phosphorus is the least mobile and most challenging element to 
access due to its great reactivity with the other components of the soil matrix. 
Around 67 per cent of all agricultural land in the world contains insufficient 
phosphorus assimilable to  arable crops (Batjes, 1997; Kirkby and Johnston, 2008). 
More than 90 per cent of the phosphate rock extracted annually is used for soil 
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fertilisation (Brunner, 2010), of which only 15 per cent is taken up (in the form of 
orthophosphoric acid ions: H 2PO4-  and HPO 42-) by the root system of plants. The 
rest reacts with organic matter and chemical compounds, including iron, calcium 
and aluminium oxides, creating stable and hardly soluble deposits (Lynch, 2011). 
The dry plant tissue contains more than 0.2 per  cent of phosphorus, which is 
assimilated in the form of inorganic phosphate (Pi), found in standard arable soil 
 D W  D  F R Q F H Q W U D W L R Q  R I  D E R X W     — 0   ) R U  F R P S D U L V R Q   W K H  P H W D E R O L F D O O \  D F W L Y H  S O D Q W 
cells contain Pi  D W  D  F R Q F H Q W U D W L R Q  R I         — 0   Z K L O H  G X U L Q J transport via xylem 
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   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Barley  (Hordeum vulgare L., monocotyledonous plant, 2n = 14, genome 
size ~5.3 Gpz, diploid) is one of the first cereal grass species domesticated and 
cultivated for food purpo ses, in the brewing industry and as animal feed. At 
present, barley is grown in more than 100 countries, ranked fourth in world cereal 
production (Giraldo et al., 2019). In 1986, Leigh and Johnston showed that the 
yield of barley grown on a soil containing  0.55 kg of plant -absorbable phosphorus 
per hectare of land was more than 2  times higher than on a soil containing only 
0.2 kg P/ha ( Leigh and Johnston, 1986 ). Monocotyledonous plants, which are a 
group of angiosperms plants, are distinguished by their fib rous root system. In this 
group of plants, the main root quickly disappears, and the functions supplying the 
plant with nutrients are performed by the adventitious roots, forming the so -called 
bundle roots (Peret et al., 2011). The plant root system extrac ts phosphate ions 
from the soil solution, which is in balance with phosphates that are unavailable to 
plants, which are sorbed by minerals and colloids contained in the solid phase of 
the soil (Smith et al., 2003). The organic phosphorus fraction (Po) in t he soil can 
be mineralised to assimilable Pi, through (i) biochemical mineralisation, based on 
the activity of phosphatases catalysing the hydrolysis of phosphoric acid esters and 
anhydrides [V], (ii) biological mineralisation by releasing Pi from organic matter 
through carbon oxidation by soil micro -organisms, and (iii) soil formation 
transformations due to leaching and acidity growth of the soil, which cause 
weathering of the primary minerals (Smeck, 1985; Rita et al., 2013). Phosphate 
ions are transferre d to the root system of the plants by a slow diffusion process. 
The range of the bundle roots is significantly increased due to the presence of 
numerous root hairs. The soil solution penetrates, on an apoplastic path way, into 
the intercellular spaces of th e roots, forming an open grid in the young parts of the 
organ ( Peterson and Cholewa, 1998 ). The movement of the soil solution is stopped 
by impermeable Casparian strips surrounding the cortical and endodermal cells of 
the root. These cell wall thicknesses are made of strongly hydrophobic chemicals 
and lignin (Perumalla and Peterson, 1986). The capture of phosphate ions from the 
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apoplastic to the symplastic path way is achieved by membrane proteins acting as 
phosphate transporters (Smith et al., 2003). These specialised proteins enable the 
active transport of Pi ions from the apoplast, where the concentration of Pi is 
several times lower than in the cytoplasm of endoderm cells. Strong 
electrochemical gradients are overcome by the Pi / H +  PHOSPHATE TRANSPORTERS 
(PHT) high -affinity protein family. Plant phosphate transporters known so far 
include homologous sequences to the first described PHO84 transporter identified 
in yeast cells ( Saccharomyces cerevisiae Meyen ex Hansen) (Bun -Ya et al., 1991). 
Depending on location in the cell, PHT proteins were divided into 5 families: PHT1 
(cell membrane), PHT2 (chloroplasts), PHT3 (mitochondria), PHT4 (Golgi 
apparatus) and PHO (cell membrane responsible for loading Pi to the xylem)  (Guo 
et al. , 2007). So far, 11 members of the PHT1 protein family (HvPHT1.1 -  
HvPHT1.11), which are involved in the uptake of Pi from the soil and its 
translocation to the aboveground parts of the plant, have been described in barley 
(Teng et al., 2017). Most phosphat e transporters do not occur in one type of cell, 
but are located in different organs creating overlapping patterns, which indicates 
their complex role in the distribution of Pi within the plant (Nussaume et al., 2011). 
One of the basic strategies of plants  adapted to living in conditions of Pi deficiency 
in soil is to regulate the level of proteins, including phosphate transporters, by 
molecular path way , which results in a variable number of phosphate transporters 
saturating cell membranes. The gene encodin g protein PHOSPHATE 2 (PHO2) is 
responsible for this process.  
PHO2 is an E2 - type (UBC24) ubiquitin -conjugating  enzyme which, together 
with the appropriate E3 - type ligase, catalyses the covalent binding of ubiquitin by 
target proteins. Such proteins are the n directed to the degradation pathway. 
Lowering the PHO2 gene expression level protects phosphate transporters from 
degradation, such as PHOSPHATE 1 (PHO1) and PHT1 family transporters (Aung et 
al., 2006 ; Park et al., 2014 ). In rice, PHO2 mediates the degr adation of 
PHOSPHATE TRANSPORTER TRAFFIC FACILATOR 1 protein ( PHF1) involved in the 
transport of the unphosphorylated PHT1 proteins from the endoplasmic reticulum 
(ER) to the cell membrane (González et al., 2005) and PROTEIN PHOSPHATASE 95  
(PP95), which de forms phosphate transporters within ER (Yang et al., 2020). The 
pho2 knock -out mutant from Arabidopsis thaliana accumulates large amounts of Pi 
in the aboveground part, which are toxic to the plant in excess. This is due to the 
saturation of cell membranes  with phosphate transporters and the excessive 
translation of Pi from roots to shoot (Delhaize and Randall, 1995). On the other 
hand, field experiments on wheat lines (Triticum aestivum L.) with the PHO2 gene 
deactivated showed their higher Pi absorption c apacity and increased yielding on 
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phosphate -poor soils than in the wild type (Ouyang et al., 2016). The importance 
role of the enzyme UBC24 is indicated by the preserved feedback mechanism in 
higher plants involving the microRNA399 molecule and long non -coding RNA 
I NDUCED BY PHOSPHATE STARVATION 1 ( IPS1 ) (Franco -Zorrilla  et al., 2007). 
MiR399 molecules are excised from precursor transcripts (pre -miR399) that are 
transcribed from 10 genomic loci in barley (Hackenberg et al., 2013). The mature 
 L V R I R U P V  R I  P L 5     U H F R J Q L V H  V L [  F O H D Y D J H  V L W H V  Z L W K L Q  W K H   ¶-UTR region of PHO2 
transcripts  (Pacak et al., 2016). Particles IPS1 bind miR399, but due to the 
presence of mismatches between nucleotides in IPS1 and miR399, this first RNA 
molecule does not get cleaved (Huang et al., 2011). This mechanism allows 
controlling the role of UBC 24 in the degradation of phosphate transporters in the 
context of Pi availability in the soil.  
Knowledge of the molecular and physiological mechanisms responsible for 
the ability of plants, especially cereals, to adapt to unfavourable and often changing 
environmental conditions is still poor. The achievements of basic research in this 
area to date are determined by a series of adaptations of plants such as changes 
in the chemical composition of phospholipid membranes, redistribution of 
phosphates from disea sed and ageing tissues to developing and generative tissues, 
change in the architecture of the root system, change in hormonal management 
or regulation of the number and density of transmembrane phosphate 
transporters. In my doctoral thesis, I am studying and learning about the molecular 
machinery regulating phosphate management in plant tissues on the example of 
one of the most important genes involved in maintaining phosphate homeostasis, 
i.e. PHO2 in barley.  
 
Therefore, the main objectives of my doctoral  thesis are:  
 ƒ description of the role of PHR - like ( PHOSPHATE STARVATION RESPONSE) 
transcription factors in maintaining plant phosphate homeostasis,  
 ƒ developing a methodology to study the influence of soil phosphate availability 
on the expression level of bar ley genes , 
 ƒ identification of cis- regulatory elements that may determine transcriptional 
activity of PHO2 gene,  
 ƒ identification of transcription factors that may be associated with control 
elements of the PHO2 gene,  
 ƒ  W H V W L Q J  W K H  K \ S R W K H V L V  W K D W  W K H   ¶-UTR sequence of the PHO2 gene functions 
as an expression modulator ,  
 ƒ investigating changes in the level of small RNAs, i ncluding microRNAs under 
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the influence of phosphate deficiency, using: droplet digital PCR, northern 
type hybridization and deep sequencing,  
 ƒ identification and characterization  of small RNA molecules (18 -25 nt) 
undergoing altered expression in response to phosphorus deficiency in the 
root and aboveground part of barley,  
 ƒ identification of target mRNAs cut with microRNAs (degradome analysis),  
 ƒ identification of genes potentially related to the maintenance of phosphate 
homeostasis in barley,  
 ƒ extensive analysis of changes in barley RNA levels to assess basic strategies 
for crops to survive under phosphorus deficiency conditions.  
 
The first part of my doctoral thesis  is devoted to a review, which 
introduces the topic of plant phosphate homeostasis. In a p aper published in the 
MDPI Genes  journal, I present a detailed description of the plant family of PHR 
proteins. PHR proteins function as transcription factors with the SANT/Myb and 
MYB-CC ( coiled -coil) domains preserved within the plant kingdom. The PHR 
tr anscription factors identify the specific P1BS region (PHR1 binding sites, the 
consensus sequence of which is GnATATnC) within the regulatory regions of the Pi 
deficiency response genes. The PHR transcription factors function as superior 
regulators of the expression of plant genes involved in maintaining phosphate 
management. As a result of their activities, they can both promote and inhibit gene 
transcription. Their role in regulating the transcription of target genes is described 
in brief. I have paid mor e attention in my work to the latest reports from the last 
five years. I described alternative metabolic pathways and molecular molecules 
that may determine the activity of PHR transcription factors in the context of 
maintaining plant phosphate homeostasis . In my work, I took into account, among 
other things, the influence of phytohormones, the availability of metal ions, 
minerals and the role of post - translational modifications. I have also devoted part 
of my work to factors which can regulate the level of  expression of the PHR genes 
themselves.  
The second part of my doctoral dissertation  relates to the methods of 
gene expression analysis I used during laboratory work. In the chapter of the 
monograph published by Methods in Molecular Biology -  Springer , I described the 
methodology of analysing the expression of genes and levels of miRNA molecules 
by means of quantitative real - time PCR and ddPCR  (droplet digital PCR) . In this 
work, in which I am the second author, my task was to describe the whole protocol 
from the isolation of genetic material to the final experiment of quantitative 
analysis of gene expression , especially using ddPCR method . This protocol was 
  
used by me t o analyse changes in the expression of genes potentially involved in 
barley phosphate homeostasis, which were published in the original papers 
contained in subsequent parts of my doctoral thesis. The protocol I have developed 
to work with the ddPCR is used  by others. Moreover, in the methodological work, 
I published for the first time the absolute number of copies of mature miR399c 
molecule and PHO2 transcript from the root and aboveground part of barley 
established by ddPCR technique.  
In the third part of my doctoral dissertation , I present experimental 
results extending the current state of knowledge on the regulation of PHO2 gene 
transcription in barley. In the adopted research hypothesis, it was assumed that in 
addition to the post - transcriptional regula tion of the level of PHO2 transcripts with 
the participation of miR399, this level is also regulated at the transcriptional level. 
This was due to the fact that some of the observed changes in PHO2 gene 
expression could not be explained by the effect of mi R399. In the barley plant 
roots, I studied, despite the induction of the expression level of mature miR399 
molecules under Pi deficiency stress, the expression level of the PHO2 gene 
decreased, but it was not a statistically significant decrease. Using the  available 
bioinformatics tools, I identified cis- regulatory elements within the promoter and 
the 5’-UTR region of PHO2 gene.  Selected DNA motifs were then used for 
“screening” in search of potential proteins that could recognise these motifs and 
regulate expression of the PHO2 gene. Using the yeast single -hybrid system, I 
have identified two transcription factors with the characteristic SANT/Myb and 
MYB-CC domains corresponding to the PHR protein family. Both transcription 
factors are related to motifs (P1 BS and P - responsive PHO element) located within 
the intron of region 5’-UTR of PHO2 gene. In silico analyses showed that one of the 
identified proteins is encoded by a locus corresponding to the well - known PHR1 
protein. The second protein, on the basis of homologation to known Arabidopsis 
proteins (transcription factors), was classified and named by me as barley 
transcription factor ALTERED PHLOEM DEVELOPMENT (APL). Using the protocol 
described in part two, I have shown for the first time that Pi deficiency stress 
reduces the absolute number of copies of the APL transcript in both the root and 
overground parts of barley. I have demonstrated the importance of the ro le of the 
5’-UTR region in regulating the transcription of the PHO2 gene by using techniques 
both in vitro and in vivo in tobacco cells ( Nicotiana benthamiana L.).  
In part four of the dissertation , the results of comprehensive research 
provide data on the global changes in particle levels of both small RNA and mRNA 
in barley. The original work was written by me based on the results of deep 
sequencing from barley. It shows that only a small pool of small RNAs with altered 
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levels of expression under Pi defici ency conditions maps to the previously 
characterised miRNA molecules (based on data deposited in the miRBase). Both in 
the root and in the aboveground part, I observed that the increase in the level of 
expression in response to Pi deficiency isoforms of mi RNA from two families: 
miR399 and miR827. Both families participate in the maintenance of plant 
phosphate homeostasis. MiR399 particles – as I mentioned earlier – negatively 
regulate the level of PHO2 gene transcripts. In turn, miR827 in monocotyledons 
species participates in the post - transcriptional regulation of the expression of two 
genes SPX-MFS1 and SPX-MFS2 (the name comes from the proteins 
SYG1⁄PHO81⁄XPR1 and the domain Major Facility Superfamily). I have confirmed 
the presence of target genes for th ese two miRNA families in published degrad ome  
data. Our degrad ome  platform allow for identification matches of miRNA:mRNA 
from both the root and the aboveground part of the barley (Rolap line) grown under 
Pi deficiency conditions. In this paper, I describe  many interesting examples of 
miRNAs and small RNAs (not mapped to miRBase), which can participate in the 
post - transcriptional regulation of genes in response to Pi deficiency stress. 
Furthermore, I have identified 98 genes with significantly altered level s of 
expression under Pi deficiency conditions for the aboveground part of barley. Some 
of these can be very important in terms of protecting plants against fungal 
infections. I noticed a decrease in the expression of the gene encoding oxalic acid 
oxidase.  Fungi secrete oxalic acid during infection in order to weaken the cell wall 
of the plant  (Zhang et al., 1995) . Based on the current state of knowledge and the 
data published in the original paper, I described all the most interesting metabolic 
pathways in volved in maintaining plant phosphate homeostasis. I supported the 
detailed description with a graphical model which illustrates the scale of changes 
in barley at the RNA level.  
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The results of the doctoral dissertation were presented at scientific 
confere nces in Poland and abroad:  
1.  Oral presentation entitled  ÄIntegrated sRNA, degradome profiling and 
RNA-Seq analysis identifies phosphate starvation - responsive small RNAs 
and genes in barley  ´  D W  L Q W H U Q D W L R Q D O  F R Q I H U H Q F H  th  iPlanta, 26 -28 February 
2020, Athens, Greece  
2.  Oral presentation entitled  Ä 7 K H    ¶-UTR region is necessary for efficient 
PHOSPHATE 2 expression in barley  ´  D W  W K H  th  International Conference on 
Research and Education Challenges for Contemporary Live Sciences BioRun, 
8-13 April 2019, Pozna    3 R O D Q G 
3.  Oral presentation entitled  ÄGlobal analysis of small RNA level changes in 
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Abstract: The phosphate starvation response (PHR) protein family exhibits the MYB and coiled-coil
domains. In plants, within the either 5 0untranslated regions (UTRs) or promoter regions of phosphate
starvation-induced (PSI) genes are characteristiccis-regulatory elements, namely PHR1 binding
sequence (P1BS). The most widely studied PHR protein family members, such as AtPHR1 in Arabidopsis
thaliana(L.) and OsPHR2 in Oryza sativa(L.), may activate the gene expression of a broad range
of PSI genes by binding to such elements in a phosphate (Pi) dependent manner. In Pi signaling,
PHR transcription factors (TFs) can be selectively activated or deactivated by other proteins to
execute the nal step of signal transduction. Several new proteins have been associated with the
AtPHR1/OsPHR2 signaling cascade in the last few years. While the PHR TF transcriptional role has
been studied intensively, here we highlight the recent ndings of upstream molecular components
and other signaling pathways that may interfere with the PHR nal mode of action in plants. Detailed
information about transcriptional regulation of the AtPHR1 gene itself and its upstream molecular
events has been reviewed.
Keywords: PHR1; phosphate signaling; protein–protein interactions; post-translational modications
1. Introduction
Phosphorus (P) is an essential element for all living organisms. Plants acquire P as inorganic
phosphate (Pi) ions. An insu  cient P level in the soil is one of the most limiting factors determining
crop yield and productivity. Pi rock has been mined since the late 19th century and has been used as a
main source of phosphate fertilizers worldwide [ 1,2]. Food production experiences the e ects of climate
change in the form of erosion patterns that inuence the pollution of surface waters, with P causing
eutrophication. P is not easily available in nature because of its immobility and high reactivity with
soil constituents. Thus, environmental and industrial impacts on P recycling prompt the development
of balanced food production and sustainable P consumption. However, without understanding the
ways in which P metabolism is regulated in eukaryotic cells, such technological e  orts may not be
used e ectively.
The maintenance of P homeostasis in plants is strictly controlled by a molecular network regulated
by a group of transcription factors (TFs). Generally, P-starved plants turn on local and long-distance
signals to absorb and utilize P from either internal or external pools. Thus, the inability of live organisms
to adequately adapt to P limitation allows the possibility to screen genotypes or isolate mutants for
functional genomic studies. The story of P homeostasis regulators began two decades ago with the
characterization of green alga Chlamydomonas reinhardtii(Dangeard) phosphorus-starvation response 1
(PSR1) mutants exhibiting abnormality in their response to P deprivation. Shimogawara et al. identied
two mutants, psr1-1and psr1-2, that were defective in the synthesis of extracellular phosphatases
and were unable to increase the rate of inorganic phosphate ion transport upon Pi scarcity [ 3]. They
Genes2019, 10, 1018; doi:10.3390/genes10121018 www.mdpi.com/journal /genes
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demonstrated that both mutants possess alterations in the same gene, namedPSR1, and such variations
are recessive and allelic [3]. Later, the PSR1gene product was further investigated and has been
recognized as a central transcriptional regulator that is needed to activate specic responses to P
limitation [ 4,5]. Subsequent studies with higher plants revealed homologous genes, phosphate
starvation response 1 (PHR1) in Arabidopsis thaliana(L.) [6], and phosphate starvation response 2(PHR2)
in Oryza sativa(L.) [7], which is orthologue of the AtPHR1 gene. Overexpression ofAtPHR1 leads
to increased Pi level in the shoot tissues, together with induction of several Pi starvation-induced
(PSI) genes that encode phosphate transporters, phosphatases, or RNases [8,9]. While knockout of
the AtPHR1 gene leads to defective accumulation of anthocyanin, starch, and sugar, alteration in the
root architecture and impaired induction of multiple genes are known responses to Pi scarcity [ 10,11].
While the transcriptional regulation of many PSI genes by PHR1 TF is clear, the mechanism regulating
the PHR1 transcript level and protein activity itself still remains largely unexplored.
Many components of the complex molecular networks are still missing. Thus, here we would
like to highlight the most important ndings on the PHR-like protein family and PSI gene expression
regulation that may determine low-Pi tolerance in crop plants.
2. PHRs Redundancy and Dimerization
Among the eukaryotes, high functional redundancy of transcription factors is a phenomenon that
is known to lead to one TF compensating for another, masking the TF knockout e  ect on the binding
targets [12,13]. PHR-like proteins belong to the MYB–coiled-coil (MYB-CC) family of transcription
factors, which are encoded by 15 genes inArabidopsis, and as dimers bind an imperfect palindromic
sequence (PHR1 binding sequence (P1BS); GnATATnC) [6,14,15]. Characteristic P1BScis-regulatory
motifs may be found either in the promoter or 5 0untranslated regions (UTRs) of the target genes, where
PHR1 TF binds acting as an activator or repressor of transcription [ 16,17]. Apart from AtPHR1, other
MYB-CC family members were found in recent studies in Arabidopsis: PHL1 (PHR1-like 1) [11], PHL2
and PHL3 [18], as well as PHL4 [19]. First remarks about PHR1 functional redundancy were found in
phr1 phl1double mutant in Arabidopsis. The loss-of-function double mutation only partially a  ected
the transcription of PSI genes indicating the synergistic e ect of PHR1/PHL1 genes and involvement of
other PHR-like TFs [11].
2.1. Cooperation between PHR Family Members
In particular, studies in various plant species demonstrated the widespread species-specic
functions of PHR-like TFs. Overexpression of TaPHR1resulted in upregulation of a subset of PSI
genes following the stimulation of lateral root branching and overall grain yield promotion of Triticum
aestivum(L.) plants under Pi scarcity [ 20]. On the contrary, overexpression of BnPHR1 caused Pi
accumulation in shoots and retarded growth of Brassica napus(L.) plants [21]. Relevant work in rice has
disclosed a few more AtPHR1 orthologues, such asOsPHR1, OsPHR2, OsPHR3[7,22], and OsPHR4[23].
In 2015, Guo et al. showed that the expression of OsPHR3gene was induced under Pi starvation,
but not that of OsPHR1/2 [22]. Additionally, all three OsPHRs exhibit di  erent DNA-binding a  nity
properties, and only plants with overexpression of OsPHR3gene exhibited low-Pi stress tolerance
under eld conditions. They proved that functional redundancy exists between OsPHR1, OsPHR2,
and OsPHR3 proteins and such diversity enables them to co-regulate Pi response in rice [22]. Further,
it was shown that similar to OsPHR3, OsPHR4is a Pi starvation-induced gene and its expression is
directly regulated by OsPHR1 /2/3, which can all bind to the P1BS elements located in the OsPHR4
promoter [23]. Interestingly, OsPHR4 could also bind to its own promoter in this study.
2.2. PHRs Work Together in a Link
Beside PHR redundancy, dimerization itself is a crucial step for PHR-like TF DNA binding
capability. Previous reports showed that AtPHR1 forms heterodimers with AtPHL1 [ 11], and the
interaction of AtPHL2 and AtPHL3 was also observed, and both can homodimerize [ 18]. Likewise,
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